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Abstract
Background Despite previous therapeutic studies on autophagy in cancer, its role in the treatment of pancreatic ductal 
adenocarcinoma remains controversial, especially regarding its effect on chemotherapy, radiotherapy, and both combined. 
We focused on RUN domain Beclin-1 interacting and cysteine-rich-containing protein (Rubicon) to reveal its contribution 
to pancreatic ductal adenocarcinoma after chemoradiotherapy.
Methods To evaluate the clinical significance of Rubicon, immunohistochemistry was performed, and Rubicon expres-
sion was analyzed across 81 specimens resected from patients with pancreatic ductal adenocarcinoma after neoadjuvant 
chemoradiotherapy. A gemcitabine-resistant pancreatic ductal adenocarcinoma cell line was established followed by Rubicon 
expression and autophagy flux estimation. Finally, gemcitabine sensitivity, invasion ability, and cell viability were evaluated 
using Rubicon-targeting small interfering RNA.
Results Rubicon expression in resected pancreatic ductal adenocarcinoma samples after chemoradiotherapy revealed sig-
nificantly worse overall survival and recurrence-free survival in the Rubicon-high expression group than in the Rubicon-low 
expression group (overall survival: median [years] 2.02 vs. 3.21, p = 0.0359; recurrence-free survival: median [years] 0.90 
vs. 1.90, p = 0.0146). In vitro, gemcitabine-resistant pancreatic ductal adenocarcinoma cell lines exhibited higher Rubicon 
expression and lower autophagy flux than the parental cell line (p < 0.01). Transduction with small interfering RNA down-
regulated the expression without affecting gemcitabine sensitivity, but it reduced invasion ability and cell viability (p < 0.01) 
in the gemcitabine-resistant pancreatic ductal adenocarcinoma cell line.
Conclusions High Rubicon expression is a significant, unfavorable prognostic factor in pancreatic ductal adenocarcinoma 
after neoadjuvant chemoradiotherapy. Downregulation of Rubicon expression improves invasion ability and cell viability in 
gemcitabine-resistant pancreatic ductal adenocarcinoma.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) develops from 
pancreatic duct epithelial cells and is a fatal neoplasm with a 
poor prognosis [1]. PDAC treatment necessitates a multidis-
ciplinary approach including chemotherapy and radiother-
apy. Neoadjuvant therapy plays an important role in PDAC 
treatment for reducing tumor size and controlling potential 
micrometastases [2]. Several studies have reported the ben-
efit of neoadjuvant chemoradiotherapy for PDAC [3–5]. 
Despite these advancements in the treatment and manage-
ment of PDAC, its 5-year survival rate remains at 9% [6, 7].

 * Shogo Kobayashi 
 skobayashi@gesurg.med.osaka-u.ac.jp; 

s-kobayashi@umin.ac.jp

1 Department of Gastroenterological Surgery, Graduate School 
of Medicine, Osaka University, 2-2 Yamadaoka E-2, Osaka, 
Suita 565-0871, Japan

2 Department of Surgery, National Hospital Organization 
Osaka National Hospital, Osaka, Japan

3 Department of Gastroenterological Surgery, Osaka 
International Center Institute, Osaka, Japan

4 Department of Gastroenterological Surgery, Osaka Police 
Hospital, Osaka, Japan

5 Department of Gastroenterological Surgery, Rinku General 
Medical Center, Izumisano, Japan

http://orcid.org/0000-0002-8828-1067
http://crossmark.crossref.org/dialog/?doi=10.1007/s10147-023-02306-0&domain=pdf


577International Journal of Clinical Oncology (2023) 28:576–586 

1 3

To improve the prognosis of PDAC, studies on 
autophagy as a potential therapeutic target have gained 
increasing attention. Autophagy is essential for cell 
development, differentiation, homeostasis, and survival. 
Autophagy maintains tissue and cell homeostasis by 
digesting damaged components, recycling materials, and 
producing energy; its dysregulation has been involved in 
the pathogenesis of a variety of human diseases, including 
cancer [8, 9]. Cancer cells survive cancer therapy by pro-
cessing organelles and proteins damaged by chemotherapy 
and radiotherapy, employing autophagy. In this pathway, 
antimalarial drugs, such as chloroquine (CQ) and hydroxy-
chloroquine (HCQ), inhibit the autophagosome–lysosome 
infusion, thereby suppressing autophagy [10]. Previous 
in vitro findings revealed that the combination therapy of 
gemcitabine (GEM) with CQ inhibits PDAC growth more 
effectively than GEM alone [11]. Moreover, a clinical 
study involving the addition of HCQ to preoperative GEM 
and nab-paclitaxel chemotherapy in patients with resect-
able PDAC showed that although the preoperative addi-
tion of HCQ improved pathological and biomarker (cancer 
antigen 19–9) response, it did not improve prognosis in 
terms of overall survival (OS) or recurrence-free survival 
(RFS) in PDAC [12]. On the contrary, anticancer drugs 
induce autophagy in PDAC cells, enhancing the cytotox-
icity of anticancer drugs and contributing to cell death 
[13, 14]. Thus, the role of autophagy in cancer therapy for 
PDAC remains controversial, and whether it contributes 
to cancer survival or suppresses cancer progression during 
treatment remains unclear. Moreover, to the best of our 
knowledge, no studies until now have reported improved 
prognoses associated with these theories.

To evaluate autophagy in cancer therapy for PDAC, this 
study focused on RUN domain Beclin-1 interacting and 
cysteine-rich containing protein (Rubicon), an endogenous 
negative regulator of autophagy. Rubicon interacts with the 
UV radiation resistance-associated gene (UVRAG)-Beclin1-
P13KC13 (class III phosphatidylinositol-3 kinase) complex, 
localizes at endosomes and lysosomes, and prevents proper 
autophagolytic breakdown, especially during the autophago-
some–lysosome fusion and endocytic trafficking [15]. Pre-
viously, Rubicon was associated with lifestyle-related dis-
eases, such as non-alcoholic fatty liver disease (NAFLD) 
and cholestasis, and also with aging [16–18]. In Hep G2 
cells, Rubicon was found to be upregulated, thus decreasing 
autophagy flux by supplementation with fatty acid palmi-
tate. This induced endoplasmic reticulum stress and lipid 
accumulation. Moreover, Rubicon was also upregulated in 
association with autophagy impairment in the livers of mice 
fed a high-fat diet. In humans, liver tissues obtained from 
patients with NAFLD have been shown to express signifi-
cantly higher levels of Rubicon than those without steatosis 
[16].

Therefore, we aimed to examine the impact of neoadju-
vant therapy on Rubicon in PDAC cells to investigate the 
role of autophagy in cancer therapy for PDAC. We evaluated 
Rubicon expression in PDAC after neoadjuvant therapy and 
its association with prognosis. In addition, we also investi-
gated the expression of Rubicon, autophagy flux, and the 
effect of Rubicon suppression in a GEM-resistant (GR)-
PDAC cell line that survived long-term exposure to GEM.

Methods

Clinical samples

We performed immunohistochemistry on samples from 81 
Asian patients treated for PDAC with neoadjuvant chemo-
radiotherapy between March 2007 and May 2015 at Osaka 
University Hospital. The use of resected samples was 
approved by the Human Ethics Review Committee of the 
Graduate School of Medicine, Osaka University (Certificate 
Number 21264-2). Written informed consent was obtained 
from each patient. For neoadjuvant chemotherapy, GEM and 
oral fluoropyrimidine were typically used and radiotherapy 
was delivered to a total dose of 50.4 Gy. The clinicopatho-
logical features of the patients are shown in Supplementary 
Table 1.

Cell lines, culture, and materials

The human PDAC cell line MIAPaCa-2 was purchased 
from the Japan Cancer Research Resources Bank (Tokyo, 
Japan). Cells were maintained in Dulbecco’s modified 
Eagle’s medium supplemented with 10% heat-inactivated 
fetal bovine serum, 100 mg/mL streptomycin, and 100 U/mL 
penicillin at 37 °C in a humidified incubator with 5%  CO2.

Establishment of a gemcitabine‑resistant 
MIAPaCa‑2 clone (MIA‑GR)

GR cells were generated by exposure to GEM for 2 months, 
as described previously [19, 20]. Parental MIAPaCa-2 cells 
were exposed to GEM at an initial concentration of 1 ng/ml. 
As cells adapted to GEM, the concentration was gradually 
increased finally reaching 20 ng/ml. Through this process, 
the GR PDAC cell line was established [21]. Three clones 
(MIA-GR1, 2, and 3) were used in these experiments.

Immunohistochemistry

Immunohistochemical studies of all specimens were per-
formed to detect Rubicon expression, as described in pre-
vious studies [22, 23]. Briefly, formalin-fixed, paraffin-
embedded tissues were deparaffinized, boiled for antigen 
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retrieval, and incubated with a Rubicon-specific antibody 
(rabbit polyclonal, 21,444-1-AP, 1:200 dilution, Proteintech 
Group, Chicago, IL, USA) overnight at 4℃. Bound anti-
bodies were detected using biotin-conjugated secondary 
antibodies (Vector Laboratories, Burlingame, CA, USA). 
We evaluated cytoplasmic Rubicon expression in the can-
cer lesions of PDAC specimens relative to Rubicon expres-
sion in the cytoplasm and membrane of the splenic red pulp, 
which was the positive control and divided into a strongly 
positive group (stronger staining intensity than that in the 
cytoplasm and membrane of splenic red pulp) and weakly 
positive group (similar or weaker staining intensity than that 
in the cytoplasm and membrane of splenic red pulp). This 
evaluation was independently performed by KG and SK, 
who were blinded to the clinical outcomes.

Western blotting

Western blotting (WB) was performed as described in a pre-
vious study [24]. Briefly, total protein was extracted from 
PDAC cell lines. Aliquots of total protein (10 μg) were 
electrophoresed on sodium dodecyl sulfate-polyacrylamide/
Tris–HCl gels (Bio-Rad Laboratories, Hercules, CA, USA). 
The separated proteins were transferred to polyvinylidene 
difluoride membranes and incubated with primary antibod-
ies overnight at 4 °C. The membranes were probed with the 
antibodies listed in the Supplementary Material.

Quantitative real‑time polymerase chain reaction

We conducted a quantitative real-time polymerase chain 
reaction (qRT-PCR) as previously described [25]. qRT-PCR 
was then performed with gene-specific oligonucleotide prim-
ers (Supplementary Table 2) on an Applied  Biosystems® 
 ViiA™7 Real-Time PCR System (Thermo Fisher Scientific, 
MA, USA). Amplification products were quantified using 
 THUNDERBIRD® SYBR qPCR Mix (TOYOBO, Osaka, 
Japan). Target gene expression levels were normalized to the 
expression level of beta-actin, which served as an internal 
control.

Downregulation of Rubicon expression by small 
interfering RNA

MIA-GR cell line was transfected with 5 nM small interfer-
ing RNA (siRNA) targeting Rubicon expression (Silencer 
Select Pre-designed siRNA, siRNA ID s18717 and s18718; 
Life Technologies, Carlsbad, CA, USA) using Lipofectamine 
RNAiMAX transfection reagent (Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer’s instructions. 
The same method was applied with non-targeting siRNA 
(Silencer Select negative control #1 siRNA; Life Technolo-
gies) as the control.

Autophagic flux assay

Cells were treated with 125 nM of Bafilomycin (BioViot-
ica, Dransfeld, Germany), in dimethyl sulfoxide 2 h before 
harvest and were subjected to WB. The autophagic flux 
index was calculated as the ratio of the expression level 
of microtubule-associated protein light chain 3 (LC3)-II 
in the presence of Bafilomycin to the expression level of 
LC3-II in the absence of Bafilomycin. The expression level 
of LC3-II was normalized to beta-actin as a loading con-
trol. The autophagic flux index of the control group in each 
experiment was normalized to 1 [26–28].

Growth inhibition assays with gemcitabine therapy

Growth inhibition was assessed using the MTT assay 
(Sigma-Aldrich, St. Louis, MO, USA), as described pre-
viously [29]. Each cell line was incubated for 24 h. Subse-
quently, cells were exposed to GEM for 72 h. Cell viability 
was evaluated by measuring absorbance in the MTT solu-
tion using a microplate reader. The results are expressed as 
the percentage of absorbance relative to that of untreated 
controls.

Cell viability assays

Tumor cell viability was assessed as previously described 
[30]. MIA-GR cell proliferation was determined using a 
Cell Counting Kit-8 (CCK-8) assay (Dojindo Laboratories, 
Kumamoto, Japan). The cells were incubated for 24 h, and 
the CCK-8 solution was added to each well. The cells were 
incubated for 2 h, and the absorbance was measured using 
a microplate reader. The results are expressed as the per-
centage absorbance after 48 and 72 h of CCK-8 exposure 
relative to 0 h of exposure.

Invasion assay

The invasion assay was performed with invasion cham-
bers loaded with Matrigel according to the manufacturer’s 
instructions as described previously [31]. Briefly, 5 ×  104 
cells were overlaid onto a Matrigel matrix on a membrane 
with 8‐mm‐diameter pores with or without Vorinostat or 
DHOB. After 48 h, the cells that had invaded the under-
surface of the membrane were fixed with methanol and 
stained with thiazine and eosinate. Five microscopic fields 
were randomly selected for cell counting.
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Statistical analyses

This information is listed in the Supplementary Material.

Results

Patients with PDAC after neoadjuvant therapy 
with Rubicon expression had a significantly worse 
prognosis

Rubicon expression was investigated using immunohis-
tochemistry in PDAC specimens from curative resections 
after neoadjuvant chemoradiotherapy. Compared to spleen 
specimens (the positive control), PDAC cells displayed 
increased Rubicon staining in their cytoplasm. The 81 
specimens were divided into two groups based on stain-
ing intensity compared with the cytoplasm and membrane 
of splenic red pulp: strongly Rubicon-positive (n = 33) 

and weakly Rubicon-positive (n = 48) groups (Fig. 1a–c). 
The clinicopathological characteristics of each group are 
summarized in Supplementary Table 3. Analyses of the 
relationship between Rubicon expression and clinico-
pathological features showed no significant associations 
among these factors, including pathological residual can-
cer, number of lymph node metastasis, and completion of 
adjuvant chemotherapy. The mean follow-up durations were 
3.72 ± 2.99 years and 2.82 ± 3.00 years for patients with OS 
and RFS, respectively. The survival analysis revealed that 
patients with strong Rubicon expression had a significantly 
worse outcome than patients with weak Rubicon expression 
(median OS: 2.02 vs. 3.21, p = 0.0359; median RFS: 0.90 vs. 
1.90, p = 0.0146) (Fig. 1d, e). In the univariate analysis of 
OS and RFS, two clinicopathological features were found to 
be significantly associated with OS and RFS: the comple-
tion of adjuvant therapy (OS: p = 0.0205, RFS: p = 0.0291) 
and Rubicon expression (OS: p = 0.0401, RFS: p = 0.0178). 
Moreover, in the multivariate analysis of these risk factors, 

Fig. 1  Immunohistochemistry of Rubicon expression. a The cyto-
plasm and membrane of the splenic pulp are positive controls. b Rep-
resentative tissue section in human pancreatic ductal adenocarcinoma 
(PDAC) shows a weaker staining pattern than that observed in the 
spleen (weakly positive). c Representative tissue section in human 
PDAC shows a stronger staining pattern than that observed in the 

spleen endothelial cells (strongly positive). d, e Kaplan–Meier analy-
sis of PDAC patients after neoadjuvant chemoradiotherapy, grouped 
according to Rubicon expression levels. The strong Rubicon expres-
sion group shows significantly lower d overall survival and e recur-
rence-free survival than the weak Rubicon expression group. Scale 
bar = 100 µm
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the completion of adjuvant therapy (OS: p = 0.0113, RFS: 
0.0171) and Rubicon expression (OS: p = 0.0217, RFS: 
0.0105) were prognostic factors of OS and RFS (Tables 1, 
2). We also analyzed the association between recurrence 
pattern and Rubicon expression; 25 patients (89.3%) in 
the strongly positive group and 29 patients (90.6%) in the 
weakly positive group had distant metastasis (p = 0.8630). 
In addition, seven patients (25%) in the strongly positive 
group and three patients (9.4%) in the weakly positive group 
had local recurrence (p = 0.1052). Although there was no 
significant difference, the local recurrence rate was higher 
in the strongly positive group.

MIA‑GR cells had higher expression of Rubicon 
than MIAPaCa‑2 cells

The in vitro experiments were performed with MIA-GR 
cell lines, which were established by long-term exposure to 
GEM, to validate the immunohistochemistry results, indicat-
ing that Rubicon expression affects the prognosis of PDAC 
after neoadjuvant therapy. We compared the expression level 
of Rubicon in MIAPaCa-2 and MIA-GR cells with qRT-
PCR and WB. MIA-GR cells had higher mRNA and protein 
expression of Rubicon than MIAPaCa-2 cells (Fig. 2a, b). 
Moreover, to investigate the mechanism by which MIA-GR 

cells have higher Rubicon expression, the effect of long-term 
exposure to GEM on Rubicon in the establishment of the 
MIA-GR cell line was evaluated. Growth inhibition assay 
of parent MIAPaCa-2 cells treated with GEM showed that 
IC70 was 5 ng/mL (Supplementary Fig. 1). MIAPaCa-2 cell 
line was exposed to 5 ng/mL GEM for about 8 weeks, and 
qRT-PCR and WB were performed. In both WB and qRT-
PCR results using this sample, Rubicon was upregulated in 
parent MIAPaCa-2 cells (Fig. 2c, d).

MIA‑GR cells had lower autophagy flux 
than MIAPaCa‑2 cells

In addition to Rubicon, LC3-II and p62 (known as autophagy 
markers) levels were evaluated using WB. The amount of 
LC3-II correlates with the number of autophagosomes, 
and p62 is specifically degraded by autophagy. To evaluate 
autophagic flux, it is important to measure the amount of 
LC3-II delivered to lysosomes by comparing LC3-II levels 
in the presence and absence of lysosomal protease inhibitors 
(autophagic flux assay). Thus, autophagic flux assay was 
performed with bafilomycin, a chemical autophagy inhibi-
tor, and the autophagic flux index from the ratio of LC3-II to 
beta-actin was calculated. The results showed that MIA-GR 

Table 1  Univariate and multivariate analyses showing effects of Rubicon on overall survival in patients with pancreatic ductal adenocarcinoma 
after neoadjuvant chemoradiotherapy

ly lymphatic system invasion, v venous system invasion, ne nervous system invasion, s = serosal invasion, CH distal bile duct invasion, rp retro-
pancreatic tissue invasion, pv portal venous system invasion, a arterial system invasion (These eight items are in accordance with the 7th edition 
of the General Rules for the Study of Pancreatic Cancer by Japan Pancreas Society.) UICC Union for International Cancer Control

Characteristics Univariate analysis Multivariate analysis

Hazard ratio (95% CI) p value Hazard ratio (95% CI) p value

Age (< 65/ ≥ 65 years) 1.26 (0.73–2.18) 0.4081
Sex (male/female) 1.08 (0.64–1.81) 0.7852
Tumor size (< 20/ ≥ 20 mm) 1.33 (0.80–2.21) 0.2705
UICC 7th, pT (1, 2/3, 4) 0.82 (0.47–1.41) 0.4699
UICC 7th, pN ( ±) 1.12 (0.65–1.92) 0.6743
ly ( ±) 1.25 (0.75–2.09) 0.3821
v ( ±) 1.41 (0.83–2.83) 0.2105
ne ( ±) 0.88 (0.49–1.58) 0.6718
s ( ±) 1.20 (0.70–2.06) 0.5109
CH ( ±) 0.70 (0.38–1.29) 0.2321
rp ( ±) 0.92 (0.55–1.55) 0.7611
pv ( ±) 1.02 (0.59–1.74) 0.9503
a ( ±) 1.43 (0.65–3.16) 0.3980
UICC 7th, pStage (IA, IB, IIA/IIB, III, IV) 1.18 (0.70–1.99) 0.5434
Evans grade (0, I, IIA/IIB, III) 1.34 (0.80–2.27) 0.2724
Adjuvant chemotherapy initiation ( ±) 0.56 (0.29–1.09) 0.1091
Adjuvant chemotherapy completion ( ±) 0.48 (0.26–0.86) 0.0205 0.44 (0.24–0.79) 0.0113
Rubicon expression (strong/weak) 1.73 (1.03–2.89) 0.0401 1.85 (1.10–3.11) 0.0217
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cells had a lower autophagic flux than parent MIAPaCa-2 
cells (p < 0.01) (Fig. 3a, b).

MIA‑GR cells transfected with siRubicon showed 
no significant change in sensitivity to gemcitabine 
but exhibited decreased invasion ability and cell 
viability

Transfection of siRubicon into MIA-GR cells having a 
higher expression of Rubicon than the parent MIAPaCa-2 
cells was performed, confirming that Rubicon expression 
was reduced in MIA-GR cells transfected with siRubicon 
using WB (Fig. 4a). In addition, the autophagy flux of MIA-
GR cells transfected with siRubicon was evaluated. The 
results showed that autophagy flux was upregulated when 
Rubicon expression was suppressed (siScramble vs. siRubi-
con-1, p = 0.0333; siScramble vs. siRubicon-2, p = 0.0143) 
(Fig. 4b). Growth inhibitor assay was performed to evalu-
ate the contribution of Rubicon in the mechanism of GEM 
resistance, but no significant change in GEM sensitivity 
was shown even with siRubicon knockdown (Fig. 5a). Cell 
viability and invasion assays were also performed to evaluate 
the invasion and cell viabilities of MIA-GR cells transfected 
with siRubicon. The results showed that siRubicon knock-
down significantly decreased the cell viability (siScramble 

vs siRubicon-1, p < 0.01; siScramble vs siRubicon-2, 
p < 0.01) and invasion ability (siScramble vs siRubicon-1, 
p = 0.013; siScramble vs siRubicon-2, p < 0.01) of MIA-GR 
cells (Fig. 5b, c).

Discussion

It was observed that high expression of Rubicon in patients 
with PDAC after neoadjuvant chemoradiotherapy could be 
a prognostic factor. Moreover, in the GR PDAC cell line 
that survived long-term GEM exposure, Rubicon expres-
sion was higher compared to that in the parental cell line. 
Knockdown of Rubicon expression reduced invasion ability 
and cell viability.

Autophagy is a lysosomal degradative mechanism char-
acterized by the formation of double-membrane autophagic 
vesicles called autophagosomes, which engulf portions of 
cytosol, damaged organelles, and protein aggregates [32]. 
Considerable studies have already been conducted on the 
mechanisms of autophagy in cancer and, in recent years, 
several reports have focused on autophagy in the treatment 
of pancreatic cancer. However, the role of autophagy in the 
treatment of pancreatic cancer remains controversial [13, 14, 
33]. Although therapeutic development in pancreatic cancer 

Table 2  Univariate and multivariate analyses showing effects of Rubicon on recurrence-free survival in patients with pancreatic ductal adenocar-
cinoma after neoadjuvant chemoradiotherapy

ly lymphatic system invasion, v venous system invasion, ne nervous system invasion, s serosal invasion, CH distal bile duct invasion, rp retropan-
creatic tissue invasion, pv portal venous system invasion, a arterial system invasion (These eight items are in accordance with the 7th edition of 
the General Rules for the Study of Pancreatic Cancer by Japan Pancreas Society.) UICC Union for International Cancer Control

Characteristics Univariate analysis Multivariate analysis

Hazard ratio (95% CI) p value Hazard ratio (95% CI) p value

Age (< 65/ ≥ 65 years) 1.11 (0.65–1.92) 0.6979
Sex (male/female) 1.32 (0.79–2.21) 0.3005
Tumor size (< 20/ ≥ 20 mm) 1.52 (0.91–2.54) 0.1067
UICC 7th, pT (1, 2/3, 4) 1.00 (0.57–1.76) 0.9957
UICC 7th, pN ( ±) 1.04 (0.60–1.79) 0.9015
ly ( ±) 1.26 (0.76–2.10) 0.3679
v ( ±) 1.61 (0.95–2.71) 0.0816
ne ( ±) 0.98 (0.54–1.79) 0.9539
s ( ±) 1.42 (0.83–2.41) 0.2089
CH ( ±) 0.73 (0.40–1.36) 0.3075
rp ( ±) 1.10 (0.66–1.83) 0.7089
pv ( ±) 0.98 (0.57–1.69) 0.9513
a ( ±) 1.35 (0.61–2.98) 0.4740
UICC 7th, pStage (IA, IB, IIA/IIB, III, IV) 1.21 (0.72–2.04) 0.4750
Evans grade (0, I, IIA/IIB, III) 1.39 (0.83–2.34) 0.2146
Adjuvant chemotherapy initiation ( ±) 0.61 (0.32–1.17) 0.1594
Adjuvant chemotherapy completion ( ±) 0.50 (0.28–0.90) 0.0291 0.46 (0.26–0.84) 0.0171
Rubicon expression (strong/weak) 1.88 (1.12–3.13) 0.0178 1.98 (1.18–3.32) 0.0105
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focusing on the mechanism of autophagy is ongoing, it has 
not been proven sufficiently effective [12].

Rubicon negatively regulates autophagy by interacting 
with the p13K complex that is essential for autophagy [15, 
34]. Although autophagy-regulating proteins, such as the 
Atg family, promote autophagy, Rubicon is a rare protein 
that suppresses this process. Rubicon has been associated 
with NAFLD and cholestasis, along with aging, adipocytes, 

and Sertoli cells [16–18, 35, 36]. In recent years, the asso-
ciation with Rubicon has been reported in cancers of sev-
eral organs. In human liver cancer cells, Acanthopanax 
senticosus Harmas extract causes G0/G1 cell cycle arrest 
and induces autophagy by decreasing Rubicon expression 
[37]. In addition, combination therapy with mTOR inhibi-
tors and Honokiol induces autophagy via modulation by 
Rubicon and inhibits the growth of renal tumors after organ 

Fig. 2  Rubicon expression examined by western blotting (WB) and 
quantitative real-time polymerase chain reaction (qRT-PCR) using 
MiIAPaCa-2 and MIA-GR, along with the assessment of change in 
Rubicon expression caused by long-term exposure to gemcitabine 
(GEM). a qRT-PCR results and b WB analysis show Rubicon mRNA 

expression in three MIA-GR cell lines (MIA-GR1, MIA-GR2, and 
MIA-GR3) compared with the expression in MIAPaCa-2. Rubicon 
expression in MIAPaCa-2 after long-term exposure to GEM shown 
using c qRT-PCR and d WB. *p < 0.05, **p < 0.01
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transplantation [38]. However, there are no reports on the 
association of Rubicon with autophagy in pancreatic cancer.

As part of our preliminary research, we investigated 
Rubicon expression in PDAC cells without neoadjuvant 
chemoradiotherapy using immunohistochemistry. The 37 

PDAC specimens were divided into a strongly positive 
group (n = 19) and a weakly positive group (n = 18). The 
Kaplan–Meier analysis showed no significant differences 
in OS or RFS between the two groups (Log-rank test; 
OS: p = 0.8435; RFS: p = 0.5796) (Supplementary Fig. 2). 

Fig. 3  Autophagic flux assay in MIA-GR and MIAPaCa-2 performed using bafilomycin. a Autophagic flux assay in MIA-GR and MIAPaCa-2, 
b autophagic flux index (the ratio of LC3B-II to beta-actin). **p < 0.01

Fig. 4  Rubicon knockdown in MIA-GR and increase in autophagy flux by knockdown of Rubicon. a Knockdown of Rubicon expression in 
MIA-GR analyzed using western blotting, b autophagic flux assay in MIA-GR transfected with siRubicon. *p < 0.05
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Furthermore, there were not any significant differences in 
the Cox regression analysis either (OS: hazard ratio, 0.99; 
95% CI 0.49–2.02; p = 0.9887: RFS: hazard ratio, 1.30; 95% 
CI 0.62–2.71; p = 0.4870). We have already treated PDAC 
with neoadjuvant chemoradiotherapy and reported its ben-
efits [39, 40]. Therefore, in this study, we evaluated Rubicon 
expression in PDAC cells after neoadjuvant chemoradio-
therapy. Immunohistochemistry of PDAC cells after neo-
adjuvant chemoradiotherapy showed that OS and RFS were 
significantly shorter in the group with high Rubicon expres-
sion than in the group with low Rubicon expression. These 
results suggest that Rubicon may be a prognostic marker in 
patients with PDAC after neoadjuvant chemoradiotherapy.

Next, we performed in vitro cell experiments with GR 
PDAC cell lines, which were established by long-term 
exposure to GEM, as in pancreatic cancer after neoadju-
vant therapy. Their specific characteristics in GR PDAC cell 
lines have been previously reported [41–43]. Here, the GR 

PDAC cell line had higher expression of Rubicon than the 
parental PDAC cell line. Furthermore, since the difference 
between the parent and GR cell lines was due to the pres-
ence or absence of long-term exposure to GEM, the correla-
tion between long-term exposure to GEM and the expres-
sion of Rubicon was investigated. qRT-PCR and WB were 
performed on samples of the parental cell line exposed to 
5 ng/mL GEM for about 8 weeks. The results suggest that 
long-term exposure to GEM causes upregulation of Rubicon 
expression in PDAC cells.

Moreover, autophagy flux in GR PDAC and parental cell 
lines was evaluated. The result showed that the GR cell line 
had lower autophagy flux than the parental cell line. Since 
the parental cell lines exhibit relatively high autophagy flux, 
suppressing the parental cells with an autophagy inhibitor 
such as an antimalarial drug may have a therapeutic effect. 
However, because GR cell lines have higher Rubicon expres-
sion and lower autophagy flux than parental cell lines, the 

Fig. 5  Effect of Rubicon knockdown on gemcitabine (GEM) sensitivity, cell viability, and invasion ability in MIA-GR. a Growth inhibition 
assay for GEM sensitivity, b cell viability assay, and c invasion assay. Scale bar = 100 µm. *p < 0.05, **p < 0.01
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therapeutic effect of an autophagy inhibitor on GR cell lines 
may not be as effective as in the parental cell lines. This 
may be one of the reasons why the abovementioned clinical 
trials of the HCQ in combination with GEM and nab-PTX 
of neoadjuvant therapy for PDAC did not show improved 
prognosis [12].

Since Rubicon was highly expressed in GR cell lines, 
siRubicon was transfected into GR cell lines and evaluated. 
Growth inhibition assays were performed to investigate 
Rubicon in the underlying mechanism of GEM resistance, 
but there was no significant change in GEM sensitivity in 
GR cell lines transfected with siRubicon. This result sug-
gests that Rubicon does not contribute to the mechanism of 
GEM resistance in PDAC.

Malignancy features such as invasion ability and cell via-
bility in siRubicon-transfected GR cell lines were observed 
to be diminished in this study. Furthermore, autophagy flux 
was upregulated by siRubicon transfection into the GR cell 
line. This suggests that autophagy may contribute to the sup-
pression of tumor growth in GR PDAC cell lines. In the 
past, it has been reported that ubiquitination of UVRAG, 
which forms a complex with Rubicon, promotes autophagy 
by autophagosome maturation and inhibits tumor growth in 
hepatocellular carcinoma [44]. Moreover, the acetylation of 
Beclin-1 promotes autophagy that degrades tumor growth 
factors and acts as a tumor suppressor [45]. In PDAC cells 
that survived neoadjuvant therapy and acquired treatment 
resistance, Rubicon is elevated and autophagy is suppressed, 
which may contribute to tumor growth by inhibiting the 
degradation of tumor growth factors. In addition, immuno-
histochemistry results showed that the local recurrence rate 
tended to be higher in the strongly Rubicon-positive group, 
and the in vitro results of this study showed that Rubicon 
knockdown in MIA-GR (higher expression of Rubicon than 
parent cell) reduced invasive ability (Fig. 5c), suggesting a 
possible involvement of Rubicon in invasive ability.

The elevated expression of Rubicon as a poor prog-
nostic factor in PDAC with NACRT was demonstrated by 
the results of our in vitro experiments that Rubicon levels 
were higher in GR PDAC cell lines and were elevated with 
long-term exposure to GEM. Some PDAC patients without 
NACRT had high Rubicon expression despite not receiv-
ing long-term exposure to GEM. Moreover, high Rubi-
con expression was not a poor prognostic factor in PDAC 
patients without NACRT (Supplementary Fig. 2). There may 
be different functions and mechanisms for each Rubicon 
between PDAC cases without NACRT with high Rubicon 
expression and PDAC cases with up-regulated Rubicon after 
NACRT. The mechanisms and regulators of Rubicon expres-
sion have not yet been elucidated, and further studies are 
needed in this regard.

In conclusion, this study showed that Rubicon may be a 
prognostic factor and risk factor for PDAC recurrence after 

neoadjuvant therapy. Rubicon expression was higher in the 
GR PDAC cell line, which survived long-term GEM expo-
sure than that in the parental cell line, and Rubicon knock-
down reduced invasion ability and cell viability. These find-
ings may contribute to the development of novel therapies 
targeting Rubicon.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10147- 023- 02306-0.
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